Tightly bonding of bioactive coating is the first crucial need for orthopaedic implants. This study describes a novel and convenient technique to prepare bioactive coating with high adhesion on orthopaedic substitutes made of polymeric matrix. Here, a chemical corrosion method has been adopted to fabricate a coating on the surface of injection-moulded polyamide66 (PA66) substrates by corrosive nano-hydroxyapatite/polyamide66 (n-HA/PA66) composite slurry. Scanning electron microscopy observation shows that a porous chemical corrosion region presents between the coating and dense PA66 substrate. Energy-dispersive X-ray spectroscopy analysis indicates that the chemical corrosion region is mainly composed of PA66 matrix, and the coating layer is an n-HA-rich layer. Both the pore size and n-HA composition increase gradually from the polymeric substrate towards the coating surface. Mechanical testing shows the bonding strength can reach 13.7 + 0.2 MPa, which is much higher than that fabricated on polymeric matrix by other coating methods. The gradual transition in coating structure and composition benefits for the interface bonding and for the surface bone-bonding bioactivity. Subsequent cell experiments corroborate n-HA-rich coating and a porous structure is benefitting for cell attachment and proliferation. The convenient coating method could be popularized and applied on similar polymer implants to produce a tightly and porous bioactive coating for bone tissue regeneration.
INTRODUCTION
Polymers have been used increasingly in a wide range of applications, particularly, in the medical device industry. The apparent advantages of polymers such as highdensity polyethylene, polyamide, polytetrafluoroethylene, poly (L-lactic acid), polyetheretherketone are good processabilities, have excellent mechanical properties and regulative and controllable features [1] [2] [3] [4] . However, these polymers are not bioactive and thus their applications in the biomedical field are limited. The interaction between cells/tissues and biomaterials at the tissue-implant interface is strongly related to the surface composition and structure. Hence, surface engineering of biomaterials is aimed at modifying the material and biological responses through the surface changes while maintaining the bulk mechanical properties of the implant [5] . There have been several ways to improve the bioactivity of polymers for the use of bone repair, such as compounding with bioactive inorganic particles [2, 3, 6] , grafting with bioactive groups [7] and forming bioactive coatings [8, 9] . Compared with the first two methods, coating is relatively easy and low cost. Coating techniques have been used to modify the surface of implants, and in some cases, an entirely new surface can be created which is quite different from the uncoated device.
Because of its similarity to the inorganic component of human hard tissues, synthetic hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 , HA) could be the first candidate for bioactive coating of orthopaedic implants. Various techniques have been investigated for coating HA onto metallic or non-metallic implants, including plasma spraying [10] [11] [12] [13] , sol -gel processing [14] , electrophoretic deposition [15] and biomimetic coating [16, 17] . Among them, the plasma spraying is the most developed and widely used technique for hip joints and dental implants. However, although HA-coated metallic implants have been used as load-bearing parts owing to their high ductility and bioactivity, the metallic products possess high elastic modulus to stimulate bone resorption or cause biological stress shielding. Moreover, this technique suffers from high cost and a line-of-sight process to coat complex geometries [9] . The difference of thermal expansion coefficient between the coating and the matrix produces a thermal residual stress, which will result in the peeling off of the coating and the failure of the implantation.
To solve these problems, bioactive HA coating or n-HA-containing composite coating on polymers has been developed. It has been reported that bone-like apatite is deposited on polyamide films containing sulphonic groups or carboxyl groups by biomimetic processes [16, 18] . However, the formed apatite layer is very thin and easy to peel off from the films. An HA/chitosan composite coating is also made for antibacterial and superior osteoblastic cell response [7] , but the component difference between the matrix and composite coating gives rise to phase separation and coating invalidation finally. It is important to develop a structurally stable coating with a composition gradient across the coating thickness [19] . In a previous study, our research group developed a novel nano-hydroxyapatite/polyamide66 (n-HA/PA66) composite by a co-precipitation method for bone repair and reconstruction [3] . The composite exhibits good biocompatibility, osteogenesis [6, 8] and strong bonding between the n-HA crystals and PA66 matrix [20] . In the present study, injectionmoulded PA66 was chosen as the substrate because its mechanical properties match well with the natural bone. Based on the same polymer component, a gradient n-HA/PA66 composite coating was designed to integrate seamlessly with the PA66 substrate to overcome the problem of weak bonding and to provide surface bioactivity. A chemical corrosion process combined with a reaction bonding technique was used for such coating. This convenient technique may offer obvious advantage for coating on substrate of complex geometry by low cost and at a relatively low temperature. The coating microstructures, composition variation, bonding strength, and fracture analysis were investigated by changing the reaction temperature and time. Besides, the surface wettability and in vitro cytocompatibility were also evaluated before and after coating.
MATERIAL AND METHODS

Materials fabrication
2.1.1. Preparation of n-HA/PA66 composite slurry All the chemical reagents used in this work were in analytical reagent level. n-HA/PA66 composite slurry was prepared using the co-precipitation method in ethanol [3, 6] . Briefly, PA66 granules (Asahi Chemical Industry Co. Ltd., Japan) were completely dissolved in anhydrous ethanol solution at 808C for 3 h. The n-HA crystals slurry, prepared by our group using wet synthesis [21] , was dispersed by anhydrous ethanol and then gradually added into PA66 solution with vigorously stirring at 808C for another 3 h. A homogeneous composite ethanol slurry was obtained by controlling equal weight ratio of n-HA to PA66 during preparation.
Preparation of PA66 substrate
The pelletized PA66 was dried at 808C for 12 h in a vacuum chamber and moulded into lamina specimens of 1 mm thickness by injection moulding machine (KTC-200, Kinki, China). The injection temperature ranged from 240 to 2708C under 30 MPa. Then, the as-prepared PA66 lamina was cut into rectangle shapes of 10 Â 20 mm 2 , cleaned ultrasonically in deionized water and dried at 608C for 6 h.
2.1.3. n-HA/PA66 composite coating on PA66 substrate The PA66 lamina samples were vertically immersed in n-HA/PA66 composite slurry with a viscosity of 2000 mPa s 21 at a temperature of 37 or 608C and reaction time from 2 to 6 h, respectively. Then, the samples were removed from the composite slurry and dried in air at 608C for 24 h, during which the phase change of ethanol from liquid to gas caused the formation of porous coating. Finally, the obtained samples were ultrasonically washed in deionized water to fully eliminate the residual ethanol and air-dried at room temperature.
Characterization
X-ray diffraction
The composite coating was analysed by X-ray diffraction (XRD; DX2500, China) with Cu K a radiation at 40 kV and 25 mA. Scan was performed with 2u value from 108 to 608 at a rate of 0.058 s
21
.
Scanning electron microscopy and energydispersive X-ray spectroscopy
The coating surface and the fracture surface of coated sample including interface were observed using scanning electron microscopy (SEM, JSM-6500LV, Japan). Samples were fractured in liquid nitrogen and mounted onto aluminium stubs. Prior to examination, each sample was coated with gold. Energy-dispersive X-ray spectroscopy (EDS, Oxford, UK) on the SEM was used to analyse the elements.
Bonding strength test
The bonding strength between the coating and substrate was measured using a universal mechanical testing system (Agic 50 KN, Shimadzu, Japan) at a tensile strain rate of 0.5 mm min 21 according to ASTMC633 pull-out test [12] . As the schematics shown in the electronic supplementary material, figure S1, two aluminium rods of 4 mm in diameter were used as holders for the bonding strength test. The lamina specimen coated both sides was adhered to the aluminium rods by epoxy resin (Epoxy Adhesives DG-3S, Chengrand, China) at 608C for 24 h. After testing, the fracture surface of the specimen was analysed by SEM and EDS. Three specimens were in one test group.
Contact angle test
Prior to contact angle measurement, samples were ultrasonically cleaned three times in deionized water for 15 min, and then air-dried at room temperature. Contact angles were obtained using the sessile drop method with a contact angle analyser (Dataphysics OCA20, Germany). The analyser has a CCD video camera with a pixel resolution of 768 Â 576. The drop image was processed by an image analysis system that calculated both the left and right contact angles from the shape of the drop with an accuracy of +0.18.
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Cytocompatibility
Cytocompatibility of PA66 substrate and n-HA/PA66-coated samples was evaluated by culturing with MG63 cells. The cells were derived from human osteosarcoma and expressed the characteristic features of osteoblasts. The MG63 cells were provided by West China College of Stomatology, Sichuan University, China. The cells were routinely grown in F12 medium (cell culture grade, BioWhittaker, Walkersville, MD, USA) supplemented with 10 per cent volume fraction of calf serum (cell culture grade, Gibco, Rockville, MD, USA), 1 per cent penicillinstreptomycin and 1 per cent L-glutamine. Cells were subcultured once a week using trypsin/phosphatebuffered saline (PBS) and maintained at 378C in a humidified incubator with 95 per cent air and 5 per cent CO 2 . The medium was changed every 2 days.
The samples with and without n-HA/PA66 composite coating were cut into discs of F 10 Â 1 mm and sterilized by ethylene oxide gas. The sterilized specimens were put into 24-well plates and pre-incubated with 1 ml of culture medium overnight. Then the medium was carefully removed and the specimens were incubated in 1 ml MG63 cell suspension (about 2 Â 10 4 cells per well). Afterwards, the seeded specimens were cultured in humidified incubator (378C, 5% CO 2 ) for 4 days, and the medium was changed every 2 days. For visualization of the growth and distribution of MG63 cells on the surface of each specimen, MG63 cells cultured on the specimen for 4 days were rinsed with PBS, fixed at 2.5 per cent volume fraction of glutaraldehyde, subjected to graded alcohol dehydration, rinsed with isoamyl acetate, dried with supercritical CO 2 and observed with SEM.
The proliferation of MG63 cells cultured with specimens was determined at 1, 3, 5 and 7 day(s) using the 3-f4,5-dimethylthiazol-2ylg-2,5-diphenyl-2H-tetrazolium-bromide (MTT) assay, which was applied to evaluate the effect of the specimens with and without n-HA/PA66 composite coating on MG63 cells viability by measuring the uptake and reduction of tetrazolium salt to an insoluble formazan dye by cellular microsomal enzymes. After incubation of each well with 40 ml MTT solution at 378C for 4 h, the medium was discarded and the precipitated formazan was dissolved in dimethlsulphoxide (150 ml per well). The absorbance of solubilized formation at 570 nm was measured by a microplate spectrophotometer (Perkin Elmer Co. Ltd., USA). The experiments were performed in triplicate.
Statistical analysis
Quantitative data were expressed as mean + s.d. Statistical analysis was performed using SPSS (v. 10.0) software. Two experimental groups were evaluated by Student's t-test. In all statistical evaluations, p , 0.05 was considered statistically significant.
RESULTS
The surface morphologies of PA66 substrate and the n-HA/PA66 coating (378C for 4 h) are shown in figure 1. Before coating, the PA66 substrate appears dense and smooth. The water contact angle is 66.5 + 0.18 (figure 1a). After coating, a topologic structure with micropores can be observed on the surface of the coating (rectangle inset in figure 1b). The water contact angle reduces to 28.3 + 0.38, demonstrating an increase of surface hydrophilicity.
The cross-section microstructure in figure 2a shows a bilayer structure formation on the bulk matrix, chemical corrosion region and coating layer of the sample (PA66 substrate with n-HA/PA66 coating prepared at 378C for 4 h). EDS element line scanning in figure 2d shows that the main element in the bulk region is carbon-C, reflecting the chief component of the PA66 matrix. Closely, the content of Ca and P elements increases gradually towards the coating surface, indicating the fact that the coating layer is an n-HA-rich layer with gradient n-HA composition. SEM images exhibit the same gradually changing trend. In the chemical corrosion region (about 50 mm thick, the dark pore area), a gradient pore structure is present between matrix and coating layer ( figure 2a,b) , in which the pore size increases slightly from less than 1 to about 5 mm ( figure 2b,e) . From figure 2b,c, there is no apparent interval or phase separation between the bulk matrix and chemical corrosion region or between the chemical corrosion region and coating layer. This means the linking of coating with substrate is continuous. Figure 2f shows the microstructure of the n-HA-rich coating layer presents a white colour. The pore size in the coating layer is bigger (about 10 mm) than the chemical corrosion region and some micropores less than 1 mm are also present on the pore walls as shown by the arrows in figure 2f . Figure 3 shows SEM images of the cross section of PA66 substrate coated with n-HA/PA66 composite at different temperatures and times. The thickness changes of the bilayer structure at different reaction conditions are shown in table 1. It can be seen that the thickness of the chemical corrosion region and the coating layer reaction at 378C is increasing with reaction time. It has the similar changing trend when reacting at a high temperature (608C). By adjusting the reaction conditions, the thickness of the chemical corrosion region and n-HA-rich coating layer changes from 42.4 + 1.9 to 92.5 + 5.1 mm and from 37.0 + 4.9 to 72.6 + 3.1 mm, respectively. Figure 4 shows the XRD patterns of the sample coatings prepared at 378C and 608C for 2, 4 and 6 h, respectively. It can be seen that the main characteristic peaks of both HA and PA66 are present in the sample figure 5a (sample coated at 378C for 2 h) have a diameter of about 4.0 + 0.7 mm. The coating layer has a bigger pore size and thicker pore walls. As shown in figure 5b, when coated at 608C, the pores in the chemical corrosion region become larger than those produced at 378C, about 10.3 + 1.5 mm in diameter, together with thicker pore walls. Compared with the coating of 378C, the 608C coating shows more uniform and interconnective porous structure with a smooth pore skeleton. The interface between the chemical corrosion region and coating is continuous.
The bonding strength between PA66 substrate and n-HA/PA66 composite coating (coated at 37 and 608C for 2, 4 and 6 h, respectively) is shown in figure 6 . It can be seen that, for the coating of 378C, the bonding strength between substrate and composite coating increases slightly with reaction time. However, the bonding strength improves significantly when coated at 608C ( p , 0.001). Besides, the sample coated at 608C for 6 h achieves the highest bonding strength, about 13.7 + 0.2 MPa. After the bonding test, the fracture surfaces of the samples are shown in the electronic supplementary material, figures S2 and S3. The morphology suggests that the fracture happened at the inner part of the porous coating, confirming that a tight bond had been formed between polymer matrix and coating during the chemical corrosion procedure. Figure 7a -d shows the SEM photographs of the MG63 cells cultured on PA66 substrate and sample with n-HA/ PA66 coating for 4 days. It can be seen in figure 7a that the cells with a predominant fusiform shape have attached on the surface of PA66 substrate, and the cells stretch their pseudopodia and connect with each other (arrows in figure 7b ). Compared with PA66 substrate, the coating sample has the same or better cellular response. The population of cells on the n-HA/PA66-coated sample is slightly higher and the cells spread and firmly attach on almost all the sample surface ( figure 7c,d) .
The cell proliferation in each group was assessed using a MTT test after 1, 3, 5 and 7 day(s) of culturing. Tissue culture plastic was used as the blank control. During a period of 7 days cell culture, the cells proliferate dramatically with the culture time on all tested groups, as shown in figure 7e. Statistical analysis indicates that the proliferation of cells cultured with the n-HA/PA66-coated sample is best among the three groups and shows a significant difference from the PA66 group and control group after 5 days co-culturing ( p , 0.05). The cell proliferation at day 7 increases significantly compared with both the uncoated PA66 group ( p , 0.01) and the control group ( p , 0.001). Cell culture and MTT assay demonstrate that the sample with n-HA/PA66 composite coating has excellent cytocompatibility. 
DISCUSSION
The practicability of a biomaterial in clinical applications depends on the biocompatibility and functionality afforded by its physical and chemical properties, especially the surface properties. Hence, how to improve the surface biocompatibility and bioactivity of bulk materials becomes a crucial topic in the biomedical field [4, 5, 9] . In this study, n-HA/PA66 composite was coated on injection-moulded PA66 laminas by a chemical corrosion and reaction bonding technique. After being coated with corrosive n-HA/PA66 composite slurry, the surface chemistry and topologic structure of the PA66 substrate are totally different. The n-HA-rich coating layer formed uniformly on the substrate imparts surface bioactivity and hydrophilicity. Moreover, the coating layer is porous and the surface roughness is improved. These factors will result in better attachment and proliferation of cells as well as bone-bonding capacity [22] . From the cross-section of the sample, there are two typical layer fabrications, the one near the dense PA66 matrix is the chemical corrosion region with gradient variation of porous structure, the other is the n-HArich coating layer with gradient n-HA composition and bigger irregular pores. Meanwhile, the transition of interface between the matrix and chemical corrosion region as well as between the chemical corrosion region and coating layer seems quite natural via the common PA66 component in the three parts. No phase separation appears on the interface or in the coating layer. The EDS line scanning demonstrates that the main components of n-HA increase gradually and continue from the chemical corrosion region towards the coating surface. As discussed earlier, the as-prepared composite coating shows a gradient variation in both microstructure and chemical composition. The gradient variation suits the change from substrate to the coating. Coating with such a gradient structure is usually believed to be excellent in clinical application [19] . The gradient porous structure could also distribute stress more effectively by sufficient deformation and promote its mechanical matching to the surrounding environment in vivo [3] .
Technological attempts are adopted to control the structure and thickness of the coating. When coated at 378C, the thickness of the chemical corrosion region and the n-HA rich coating layer increases with the reaction time. When coated at a higher temperature (608C), the chemical corrosion region presents a similar trend, which is easy to understand because the surface of the PA66 substrate suffers severer corrosion caused by the solvent of composite slurry with the increase of reaction time. Because the viscosity of the n-HA/PA66 composite slurry reduces at higher temperature, the chemical corrosion region produced at 608C is thicker than that of 378C. However, the thickness of the n-HA-rich coating layer is a little bit thinner than that of the sample coated at 378C. The reason might be that a higher fluidity forms at higher temperature and then a thinner coating layer. Accordingly, the microstructures and n-HA content of the coating can be controlled by adjusting the reaction condition.
The bonding strength between the coating and substrate is one of the most important mechanical properties for coated implants that would affect the ultimate success in clinical application. In this study, the bonding strength of the composite coating coated at 608C is much higher than that of 378C. In the n-HA/PA66 composite ethanol slurry, the hydrogen bonding between the molecular chains of PA66 is weakened by ethanol dissolvent. When immersed into the composite slurry, the surface of PA66 substrate is chemically corroded and the polymer chains are loosened and then intertwine with that of the composite slurry. With the reaction bonding process going, the integration of the molecular chains between the substrate and the newly formed coating would be more sufficient at a higher temperature. The molecular chains re-crystallize and wind together by hydrogen bonding after the phase change of ethanol from liquid to gas [3] . Therefore, the bonding of coating to substrate is a kind of chemical bonding. In a previous study, few reports provided the bonding strength between apatite and polymer substrate because of the easy peeling off of the coating. Even fewer reports improve the adhesion strength by pre-treatment of the polymer matrix. After pre-treatment, these adhesive strengths of the formed apatite layer to the polyethyleneterephthalate, polymethylmethacrylate and PA6 were increased from 3.5 to 7.0 MPa, from 1.1 to 2.8 MPa, and from 0.6 to 3.1 MPa, respectively [23] . However, there is still weak or no chemical bonding formation between apatite and polymer substrate, and the bonding strength is far lower than that reaction at 608C in our study. Moreover, the coating microstructure, composition and crystallinity strongly depend on the reaction temperature and time. Another important factor has to be further studied, that is the influence of the composition and concentration of the corrosive composite ethanol slurry, such as the weight ratio of n-HA to PA66 and possible additives in the slurry.
To a biomaterial, cellular responses, such as attachment, growth and proliferation, relies not only on physical status but also on the surface chemical component [24] . In this study, after being coated with n-HA/PA66 composite, some micropores appeared on the surface of the samples. The topologic and chemical changes induce the increase of the surface hydrophilicity. The properties prefer by the attachment, growth and proliferation of osteoblast-like MG63 cells. Cell response demonstrates good cytocompatibility and surface bioactivity of the polymeric substitutes can be improved by an n-HA-rich layer coating.
CONCLUSION
To combine the good mechanical properties of PA66 and the bioactivity of HA, a method has been developed to fabricate porous n-HA gradient coatings on PA66 substrates. The coating fabricated on a polymeric matrix exhibits a gradient n-HA composition and porous structure. The porous coating is tightly bonded with the dense PA66 substrate via a porous chemical corrosion region extending from the PA66 matrix. The bonding strength between the substrate and coating can reach 13.7 + 0.2 MPa, which is suitable for orthopaedic implant. Meanwhile, the microstructure, thickness and bonding strength of the coating can be controlled by adjusting reaction conditions. Apparently, the composite coating presents better cytocompatibility than uncoated PA66 substrate and can act as a good template for the cell attachment, spread and proliferation. Animal experiments will be carried out to survey the bone-bonding ability in vivo. This novel convenient coating technique may have a bright future for coating polymeric products with complex geometries to expand their applications in biomedical fields. 
